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Water and energy are two inseparable commodities that govern the lives of humanity and promote civilization. Energy can be used to
produce water in case of scarcity in water. Ironically most of the places that are water stressed are also energy stressed. The cost of
extending grid power may be prohibitively high in those cases. Rural/remote locations like hills and islands multiply the problem to
a larger magnitude. Use of renewable sources like solar, wind, biomass and other locally available energy sources is the only solution.
But these renewable sources are of intermittent nature and have poor availability. Hence, it is practically diﬃcult to produce water with a
single source of energy. Naturally, combining two or more sources of energy, known as hybrid power system, is the next available option.
This paper carries out a techno-economic analysis of various sizing combinations of systems with solar photo voltaic, wind energy and
stored energy in batteries for production of drinking water from a brackish water source. The system can operate the RO plant whenever
the power is available, produce drinking water and store in a tank. This paper analyses the model of the entire hybrid power system in
MATLAB to simulate the performance of the hybrid power system for diﬀerent combinations of capacities. Results of the analysis under
various input conditions are analyzed.
 2016 The Gulf Organisation for Research and Development. Production and hosting by Elsevier B.V. All rights reserved.
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Water, energy and environment are essential inputs for
sustainable development of society (Delyannis, 2003). The
availability of fresh water is an important issue in many
areas of the world. The ocean is the only perennial source
of water. Their main problem is obviously its high salinity.http://dx.doi.org/10.1016/j.ijsbe.2016.05.011
2212-6090/ 2016 The Gulf Organisation for Research and Development. Pro
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Peer review under responsibility of The Gulf Organisation for Research
and Development.The removal of salinity is accomplished by several desali-
nation methods. But, all the desalination processes require
signiﬁcant quantities of energy. It is a common phe-
nomenon that certain packets of the country that are water
stressed are also power stressed at the same time. These
remote parts do not have conventional source of power
and costs of extending the electricity grid to these places
are very high. Fortunately, most of such locations have
exploitable renewable sources of energy that could be used
to drive desalination processes (Nagaraj and Swaminathan,
2012).duction and hosting by Elsevier B.V. All rights reserved.
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locally and freely for production of energy. Production of
fresh water using desalination technologies driven by
renewable energy systems is thought to be a viable solution
to the water scarcity at remote areas characterized by lack
of potable water and conventional energy sources like heat
and electricity grid. Also they are environmentally friendly
(Garcia-Rodriguez, 2003). Desalination systems cannot be
compared with conventional systems in terms of cost with-
out taking site speciﬁc factors into consideration. They are
suitable for certain locations and will certainly emerge as
widely feasible solutions in due course of time (Huneke
and et al., 2012).
This paper analyses various aspects of small capacity
hybrid power system for supplying electricity and clean
water demand in rural and remote areas by using mini-
grid hybrid power system consisting of renewable energy
(solar photovoltaic cells & windmill) and battery with a
brackish water reverse osmosis desalination plant as load
connected to the hybrid power system.2. Modeling the renewable energy systems
There are a variety of renewable energy sources identi-
ﬁed and utilized at various levels. These cover solar energy
which includes thermal collectors, solar ponds and photo-
voltaic, wind energy and geothermal energy. Major share
being from solar photo voltaic and wind energy, we shall
discuss only these systems.2.1. Solar photovoltaic
Photovoltaic eﬀect was discovered in selenium way back
in 1839. The photovoltaic (PV) process converts sunlight
directly into electricity. A PV cell consists of two or more
thin layers of semiconducting material, most commonly sil-
icon. When the silicon is exposed to light, electrical charges
are generated and this can be conducted away by metal
contacts as direct current (DC).
The Luque and Hegedus model of PV cell is given by the
equation below and Table 1 gives the description of sym-
bols used.
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PV equipment has no moving parts and as a result
requires minimal maintenance and has a long life. It gener-
ates electricity without producing emissions of greenhouse
or any other gases, and its operation is virtually silent.
2.2. Wind energy
Wind energy is basically by the pressure diﬀerences in
atmosphere due to solar power. The wind turbine technol-
ogy is highly mature and available in commercial scale.
Small wind turbines play crucial role in distributed and
decentralized energy systems. The production can be
improved by using novel control strategies and better
energy storage systems.
The wind energy is modeled using the below relation.
Table 2 gives the description of symbols used.
PwðtÞ ¼
0 ðv < vinÞ
a1v2 þ b1vþ c1 ðvin 6 v < v1Þ
a2v2 þ b2vþ c2 ðv1 6 v < v2Þ
a3v2 þ b3vþ c3 ðv2 6 v < voutÞ
0 ðv > voutÞ
8>>>><
>>>:
ð8Þ2.3. Reverse osmosis (RO) desalination using solar PV and
wind energy
The photovoltaic technology can be connected directly
to a RO system. The factors that determine economics
are the plant capacity, cost of extending electricity grid
and the concentration of the salt in raw water (Thomson
and Inﬁeld, 2003; Tzen et al., 1998). RO is the desalination
process with the minimum energy requirements. Wind
power is abundant in coastal areas. Hence wind power
desalination is a promising option (Al Suleimani and
Nair, 2000; Habali and Saleh, 1994; Miranda and Inﬁeld,
2003). The disadvantage of wind energy and solar energy
is that they are intermittent (stochastically varying)
sources. This reduces the reliability of the power output
and hence the water output also. Hence a hybrid power
system with a combination of energy sources could be a
possible solution. The RO plant is considered as a load
because the plant can run as and when enough power is
available from any of these sources, produce water and is
stored in tanks. With this, we can keep the capacity of
energy storage system like batteries to a minimum and
hence increase eﬃciency and reduce costs.
2.4. Cost model of solar PV, wind and battery system
The cost model of the various energy sources is devel-
oped considering the capital cost per kW capacity. The
Table 1
Symbols used in solar PV model equations.
Symbol Description
Isc Is the short circuit current
V oc Is the open circuit voltage
V t Is the thermal voltage
Rs Is the series resistance
STC Is standard test conditions
mhboxIsc Is the short circuit current of module at STC
V oc Is the open circuit voltage of module at STC
G Is the Irradiance at STC
T a Is the ambient temperature
T c Is the operating temperature of module above ambient
T c Is the temperature of module at STC
NOCT Is normal operating cell temperature
dISC
dT c
and dV ocdT c Are temperature coeﬃcient of current and voltage
roc Is the empirically adjusted parameter equal to 0.04
Goc Is the empirically adjusted parameter taken as equal to the
value of mhboxG
V M Is the maximum voltage of module at STC
IM Is the maximum current of module at STC
Table 2
Symbols used in wind model equations.
Symbol Description
PWðtÞ Is the hourly output power of wind generator at wind
speed v
v Is wind speed at projected height
V in and V out Are cut-in and cut-oﬀ wind speed of the wind generator
respectively
Table 3
Symbols used in cost model.
Symbol Description
CC Capital cost/kW (in INR – Indian Rupees)
CRF Capital recovery factor
ACC Annualized capital cost (in INR)
AMC Annual O&M cost (in INR)
ATC Annualized total cost (in INR)
C(PV) PV capacity (in kW)
C(W) Wind plant capacity (in kW)
C(B) Battery capacity (in kW)
COE Cost of energy/kWh (in INR)
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recovery factor which is calculated by taking the life span
of systems and the interest rate into account. Also the oper-
ation and maintenance costs are included in the model. The
annual total cost of the hybrid power system for a particu-
lar set of capacities of solar PV, wind and battery is ﬁnally
calculated by summation of the individual costs (Gupta
et al., 2011).
The formulae used for the cost model is as given below.
Table 3 lists the description of symbols used.
ACC ¼ CC CRF ð9Þ
ATC ¼ CðPVÞ  ½ACCðPVÞ þAMCðPVÞ
þ CðWÞ  ½ACCðWÞ þAMCðWÞ
þ CðBÞ  ½ACCðBÞ þAMCðBÞ ð10Þ3. Hybrid solar PV-wind power scheme
The complementary features of wind and solar resources
make use of hybrid wind–solar systems to drive a desalina-
tion unit to be a promising alternative as usually when
there is no sun the wind is stronger and vice versa
(Bakos, 2002). It should be noted, however, that there will
be conditions when both solar and wind energy is not avail-
able. This implies that the process operates only partially
when the energy is available unless some storage device is
used. Batteries are one such storage devices but are usuallyexpensive. (Nagaraj and Swaminathan, 2012; Huneke and
et al., 2012) The basic components of the hybrid system
are the wind generator and the PV system. Others are addi-
tional/auxiliary components which help for full time func-
tioning of the hybrid system. Fig. 1 shows the schematic of
the hybrid system with the desalination plant as load.
A brackish water RO desalination plant is connected as
a load to the hybrid power system. This plant produces
drinking water when the power available (both generated
and stored put together) is suﬃcient to operate the plant.
The water produced will increase up to its rated capacity,
if the power produced is also more. Hence the load can
handle variation in the power generation due to the renew-
able sources. The RO plant indirectly stores power pro-
duced in the form of product water thereby eliminating
the need for having higher capacities of expensive batteries.3.1. Analysis of hybrid power system with RO plant
The selection of capacities of solar PV, wind generator
and battery greatly aﬀects the total power generated in a
particular year, capital cost and the operation & mainte-
nance cost of the system. This has got a direct bearing on
the cost of energy per unit of power generated (COE)
and the availability of power for the load. The % availabil-
ity is the percentage of time period in a year, the instanta-
neous power output from the hybrid power system is
suﬃcient enough to operate the RO plant.
A hybrid power system can be designed with a particular
combination of solar PV capacity, wind generator capacity
and battery capacity. Due to the intermittent nature of
renewable sources, selection of capacity of any particular
renewable energy resource based system may lead to com-
ponent over-sizing and unnecessary operational and lifecy-
cle costs. Also the total power generated may be reduced
and hence the availability will reduce and cost of energy
per unit will increase. Hence a proper combination of
capacities of solar PV, wind and battery is crucial to
achieve the required objective. The objective can be to
achieve the required total power generation in the year
and reasonable level of availability. Also the cost of energy
per unit has to be minimum among other alternate combi-
nations of capacities (Nagaraj, 2012).
Hence an in-depth techno economic analysis of the com-
bination of diﬀerent renewables is necessary to obtain
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the entire hybrid power system in MATLAB using the
Eqs. (1)–(10). The main objective of the model is to analyze
the various combinations of solar PV, wind generator and
battery capacities with respect to total power generation,
availability and cost of energy per unit and not to ﬁnd a
single optimum point.3.2. Data
The hybrid power system design options are analyzed
for the selected site, Kalpakkam. Kalpakkam is situated
in South India and has the following latitude and
longitude:
Latitude: 12340 North
Longitude: 80100 East
The solar irradiation data are measured by using the
‘Online Solar Radiation Meter’ installed at the site and
the wind data are extracted from the meteorological data
available at IGCAR, Kalpakkam.3.3. Simulation methodology
We have used the hourly solar irradiance data measured
in kWh/m2/day and wind speed data in m/s as inputs for
simulation. The above data are used to calculate the power
output available from PV and wind sources using theSOLA
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Figure 1. Schematic diagram of a typical sm
Table 4
Simulation input parameters.
Parameter Unit So
Capital cost Indian Rupees/kW (INR/kW) 50
Life span Years 20models as described in Section 2. The power generated is
calculated for every hour of the day for a complete year
(8760 h). The hybrid power system shall be designed to
feed power to a brackish water desalination plant of
100 m3/day capacity with load requirement of 2 kW. When
the power generated is suﬃcient to operate the BWRO
plant, the power is fed to the plant. Surplus power gener-
ated is used to charge the storage battery bank and the
state of battery charge is monitored. When the power gen-
erated is less than the load requirement of 2 kW, battery
supplements the additional requirement. If the available
charge and power generated is not suﬃcient for load, the
plant is stopped and the batteries are charged from the
generated power.
The above simulation is carried out for various combi-
nations of solar PV capacities (1–10 kW), wind generator
capacities (1–10 kW) and battery capacities (0.5–2 kW).
Capital cost, O&M cost (@ 2% of capital cost), interest rate
(10%) and project life time (for solar PV, wind, and batter-
ies) are considered for calculation of cost economics (see
Table 4).4. Results and discussions
The output of the simulation gives data on total power
generation/year, cost of energy per unit and the % avail-
ability of power throughout the year for 400 combinations
of solar PV, wind generator and battery capacity for the
ranges mentioned in Section 3.3. Table 5 lists the partialR 
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Table 5
Partial list of diﬀerent conﬁgurations of hybrid power systems along with their key performance indicators.
Solar PV capacity
(in kW)
Wind gen.
capacity (in kW)
Storage battery
capacity (in kW)
Cost of energy per unit (in
Indian Rupees – INR)
% Availability of power
for the year
Total units produced
for the year
7 1 2 12.63 41.4 5664
8 1 1.5 12.73 40.0 5974
8 1 2 13.00 42.3 5954
9 1 2 13.45 43.4 6196
10 1 1.5 13.60 42.0 6454
10 1 2 13.85 44.1 6440
6 2 1.5 16.04 41.1 5548
8 2 1 16.18 41.1 6140
8 2 2 16.65 46.1 6138
10 2 1 16.87 43.0 6586
9 2 2 16.99 46.8 6360
10 2 1.5 17.09 45.3 6586
10 2 2 17.30 47.6 6586
6 3 1 18.22 41.3 6166
9 3 0.5 18.57 41.9 6926
6 3 2 18.68 47.4 6166
5 3 1.5 18.74 42.9 5756
9 3 1 18.77 44.8 6926
8 3 2 18.94 49.5 6700
9 3 1.5 18.97 47.8 6926
5 3 2 18.98 46.0 5756
10 3 1 19.05 45.7 7132
9 3 2 19.18 50.4 6926
10 3 1.5 19.25 48.5 7132
10 3 2 19.45 51.1 7132
4 3 1.5 19.71 40.7 5174
7 4 2 21.52 51.2 6776
9 4 2 21.85 52.9 7210
10 4 2 22.10 53.5 7396
7 5 2 24.08 53.4 7082
9 5 2 24.29 55.0 7504
10 5 2 24.45 55.6 7696
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Figure 2. Trend line showing total units produced for various combinations of capacities.
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along with their key performance indicators.
Fig. 2 shows the total units produced per year for vari-
ous combinations of solar PV, wind and battery capacities.For a particular solar PV capacity, the total power gener-
ated/year increases with increase in wind generator and
battery capacities. When the next solar PV capacity is cho-
sen and the wind generator and battery capacities are
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Figure 3. Monthly power generation of solar PV and wind.
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Figure 4. Comparison of trend of cost of energy and units produced for various sizing combinations of energy sources.
274 R. Nagaraj et al. / International Journal of Sustainable Built Environment 5 (2016) 269–276started from minimum values, the total power generated/
year drops down. The trend continues and thus forms a
saw tooth waveform plot. The net increase in total power
generation due to increase in wind generator and storage
battery capacities starts to saturate with higher solar PV
capacities.
4.1. Monthly distribution of power generation
The main disadvantage of renewable energy systems is
its uneven distribution and hence very small quantities of
power may be available during certain months of a year.Fig. 3 gives the monthly power generation of the proposed
hybrid power system for a particular combination of
capacities (solar PV – 6 kW, wind – 9 kW, battery –
0.5 kW).
From the plot, we can ﬁnd that the monthly power gen-
eration is fairly distributed throughout the year. This is lar-
gely due to the supplementary nature of the solar and wind
resources. For instance, when the generation from wind is
signiﬁcantly low during March–April, the generation is
supplemented by increased solar PV. Similarly, when the
solar PV generation dip during November–December, the
wind generation increases and compensates.
Figure 5. Eﬀect of availability and cost of energy coded with total power
produced per year.
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The sizing of various renewable sources leads to diﬀer-
ent costs of energy. The cost of energy per unit power pro-
duced is calculated based on total cost and total units
generated throughout the year. The proﬁle of cost of
energy and energy produced with respect to these combina-
tions is given in Fig. 4. Obviously, an increased sizing of
energy sources leads to increase in energy production and
simultaneously the capital/O&M cost also increases. With
increase in total power generation, the cost of energy per
unit starts dropping and saturates to a value after a certainFigure 6. 3-D plot showing cost of energy/unit,limit beyond which there is no signiﬁcant increase in energy
production. Hence, this region forms the suitable combina-
tion with reasonably good production and minimum cost
of energy.
4.3. Availability of power vs cost of energy
In case of renewable power sources, the availability of
energy is intermittent. Hence, it is imperative to take a look
at the availability also for these combinations.
Fig. 5 shows the plot of cost of energy/unit vs % avail-
ability of power for the year color coded with the total
units produced/year. The deep blue areas represents the
highest power production band (7953–8920). We observe
from the plot that the cost of energy ranges can be less than
Rs. 25 per unit with 60% availability in this maximum
power band. Also in the power band of 6018–6985 units
(light blue areas of the plot), the cost of energy is as low
as Rs. 12–20 per unit with a good availability of 40–55%
range. The same is clearly represented in the Fig. 6.
5. Conclusion
In this paper, modeling of renewable energy based
desalination systems with solar PV and wind turbines was
presented. The above conﬁguration was subjected to
detailed simulation to analyze the performance of the sys-
tem based on various indicators like the total power pro-
duced in a year, cost of energy per unit and the
availability of power for speciﬁc load throughout the year.
From the results obtained by simulation, we can see that
addition of capacities of PV panels or wind turbines or% availability and total units produced/year.
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energy. But, when the capacities are supplemented with
solar PV and wind turbines, we ﬁnd that we are able to
meet the load requirements at lower energy costs. This is
mainly because of the fact that when there is no solar inso-
lation after day hours, the wind gets stronger. This comple-
ments each other and supplies energy at lower costs.
The whole approach of work is not to ﬁnd a single
optimum combination of capacities but to analyze the sys-
tem performance with respect to the total power pro-
duced, cost of energy/unit and availability of the power
for a particular load. For an objective of around 6000
units per year power production, the best option is the
combination of solar 8 kW, wind 1 kW and storage bat-
tery 1.5 kW which works out to cost of energy per unit
of INR 12.73. An integrated desalination plant as load
can produce and store water in suitable tanks and hence
the availability factor is not a major concern. For an
objective of higher availability (>50%), we can select the
combination of solar 9 kW, wind 5 kW and storage bat-
tery 2 kW to produce around 7500 units per year at a cost
of INR 24.29 per unit energy.
The typical values shown fairly hold well for scaling up
to larger systems as solar PV and battery systems are
completely modular in nature. As for as wind turbines
are concerned, more economy can be achieved at higher
capacities depending upon the prevailing wind data.References
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